Polycyclic aromatic hydrocarbons (PAHs) belong to the group of persistent organic pollutants with detrimental impact on the environment and its living organisms. Soil acts as the main PAH sink why strategies to remediate PAH contaminated soil are needed. Inoculation with plant growth promoting and stress alleviating fungi such as arbuscular mycorrhizal (AM) fungi and saprotrophic fungi could be an efficient bioremediation strategy for PAH contaminated soils, but information about their compatibility is missing. In a greenhouse pot experiment we examined interactions between the AM fungus Rhizophagus irregularis and the saprotrophic fungus Trichoderma viride and their single and dual effects on maize plant growth performance and communities of rhizosphere microorganisms in a Phenanthrene spiked soil. Phenanthrene reduced maize plant growth independent of both fungal inoculants, which were also both inhibited by Phenanthrene. On the other hand strong mutual inhibition between R. irregularis and T.viride was observed, which mitigated their plant growth promoting effects independent of Phenanthrene. In conclusion, the observed mutual inhibition between R. irregularis and T. viride underline the importance of testing for compatibility between microbial inoculants when these are used in combination.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are organic pollutants widely distributed in different ecosystems, highly persistent and toxic for living organisms because of their carcinogenic, mutagenic and teratogenic properties (Maliszewska-Kordybach, 1999) . Soil is the main sink of PAHs hosting almost 90% of PAHs produced, which are deposited into the soil from the atmosphere, and once in the soil environment, PAHs are strongly sorbed depending on the content of organic matter in soil. Also, PAHs can be dissipated from the soil by photo-oxidation, bioaccumulation in plant tissues, leaching, biosorption and biodegradation by soil microorganisms (Vácha et al., 2010) .
Plants play a key role in soil PAH dissipation via their enhancement on PAH degrading rhizosphere microorganisms leading to an increase in soil enzymatic activity such as polyphenol oxidase, dehydrogenase, urease, peroxidase and tyrotinase that are involved in the degradation of PAH (Liu et al., 2015) . Also bioaccumulation of PAH in plant tissue contribute to their dissipation from soil. Nevertheless, successful phytoremediation depends on how the plants and their root associated microorganisms respond to the pollutant (Parrish et al, 2006) . Among these root associated microorganisms, arbuscular mycorrhizal (AM) fungi form biotrophic symbiosis with roots, which is characterized by a reciprocal exchange of nutrients, where the fungus receive carbohydrates from the host and the AM fungus provide the host with mineral nutrients mainly P via the extraradical mycelium. Besides improving host nutrition AM fungi are also known to alleviate the plant host from biotic and abiotic stress (Smith and Read, 2008; Cornejo et al., 2017) . Plant stress alleviation by AM fungi has been shown for many soil contaminants, including heavy metals and persistent organic pollutants (Fuentes et al., 2016) . AM fungi have been shown to increase soil PAH dissipation both by promoting the soil microbial population leading to a PAH biodegradation and via accumulation of PAH in fungal tissue in roots (Gao et al., 2011) .
On the other hand, saprotrophic fungi are key drivers of soil organic matter decomposition due to their ample enzymatic machinery also allowing degradation of recalcitrant organic compounds including soil pollutants such as PAHs (Mineki et al., 2015) . Several species such as Trichoderma are widely known as plant health and growth promoters mainly linked to their production of biological active secondary metabolites including phytohormones and antibiotics against plant pathogens (Contreras- Cornejo et al., 2016) .
Combination of AM and saprotrophic fungi such as
Trichoderma spp has been reported to increase plant growth and yield (Yadav et al., 2015) . Regarding soil pollution combination of AM and saprotrophic fungi has been tested mainly for heavy metals and metalloids (Arriagada et al., 2009; Fuentes et al., 2016) , while information on combined inoculation with AM and saprotrophic fungi to mitigate the adverse impacts of PAHs on plant growth and possible bioremediation is limited. The Zea mays L. hybrid DK2061 was used in the present study. In each pot three seeds were sown, but after seedling emergence, one week after sowing, pots were unified so that only one seedling was left in each pot. Conidia were suspended in Milli-Q water and the counted by microscopy using a hemocytometer.
Experimental setup
The experiment was carried out using the bi-com- 
Plant growth conditions
Plants were grown under greenhouse conditions with minimum and maximum temperature of 15 °C and 30 °C, respectively. Watering was made daily by weight to 70% of the water holding capacity throughout the experiment. Plants were harvested 10 weeks after sowing. Mesh bags were carefully removed from the pots and the soil within the mesh bags was collected and stored according to the respective measurements.
Roots were gently washed free of growth substrate and separated from the shoot. Dry weights of shoots and roots were obtained after drying at 80 °C for 48
hr. Prior drying of roots, they were cut into 5-to 10-mm segments and a representative two-gram root subsample was taken for measurement of AM root colonization.
Population density of T. viride
From both mesh bags and the pot one gram of soil was individually applied to a 15 ml Falcon tube with 9 ml sterile Milli-Q water and Triton (0.01%) and here after serial dilutions were made up to 10 -3 from which 0.1 ml was placed on Trichoderma selective medium according to Elad et al. (1981, with modifications) .
Plates were incubated in darkness at 27 °C and observed on a daily basis. Population density of T. viride was calculated according to the amount of soil in the respective dilutions and expressed as CFU g -1 dry soil.
Arbuscular mycorrhizal root colonization
Two gram of fresh roots from all experimental units was stained with trypan blue according to Phillips and Hayman (1970) and AM root colonization was measured by microscopy according to Giovanetti and Mosse (1980) .
Biomarker fatty acids
Ten gram of soil samples were freeze dried and powderized in a mortar of which one-gram subsamples were used for extracting of whole cell fatty acids according to the method of Sasser (1990) . To enable quantification of the extracted fatty acid methyl esters, a known amount of an internal standard, nonadecanoate fatty acid methyl ester 19:0 was added to each sample. Analyses of fatty acid methyl esters were performed using the software package Sherlock Version 6.0 (MIDI Inc.). Hydroxylic and cyclic fatty acids were used as biomarkers for Gram-negative bacteria, fatty acids with branched chains localized on positions iso, and anteiso were used as Gram-positive bacteria biomarkers and methylated fatty acids were used a biomarker for Actinobacteria (Ratledge and Wilkinson, 1988) . The fatty acid 16:1ω5 and 18:2ω6,9 were used as biomarkers for AM (Olsson et al., 1999) and saprotrophic fungi (Frostegård and Bååth, 1996) , respectively. Fatty acid analysis was performed with the Agilent gas chromatograph 7890 B. (Visauta, 1998) . Dual inoculation with mycorrhizal and saprotrophic fungi suppress 
Statistical analyses

Results
Shoot and root dry weight
Significant "AM x saprotrophic fungus" interactions and single factor Phenanthrene effects were obtained for both shoot and root dry weight ( Table 2 . Significance of the main treatments on Trichoderma CFU and AM colonization based on factorial ANOVA.
laris reduced the population density of T. viride, which was further suppressed in combination with Phenanthrene application, though Phenanthrene alone had no effect on T. viride population density (Figure 1 ).
Population density of T. viride
In the RHC a significant "AM x Phenanthrene" interaction was obtained for the population density of T. viride (Table 2) . Inoculation with R. irregu-Lagos et al.
not inoculated a significant reduction from Phenanthrene application was found independent of inoculation with R. irregularis (Table 1, Figure 1 ).
In the HC significant single factor effects where observed for both factors AM fungi and Phenanthrene, which also both reduced the population density of T.
viride (Figure 1 ). In the NCS, where T. viride was 
AM root colonization
A significant "Saprotrophic fungus x Phenanthrene" was observed for AM root colonization in roots from the RHC (Table 2 ). Single inoculation with T. viride and individual application of Phenanthrene had no Dual inoculation with mycorrhizal and saprotrophic fungi suppress 
Biomarker fatty acids
In the RHC significant saprotrophic fungus single factor effects were observed for Gram negative bacteria,
Gram positive bacteria and actinobacteria, independent of the two other factors AM fungus and Phenanthrene (Table 3) , whereas in the HCs the abundance of bacteria was unaffected by all three factors examined (Table 3) 
Discussion
Here we show that soil inoculation with the AM fungus R. irregularis and the saprotrophic fungus and Trichoderma spp has been found to mitigate toxic effects of Phenanthrene on plants linked to dissipation in terms of bioaccumulation and/or degradation (Wu et al., 2011) . In the present study single or dual inoculation with R. irregularis and T. viride had no effect on the Phenanthrene toxicity in maize, which may be due to differences in environmental conditions and fungal species employed in these Dual inoculation with mycorrhizal and saprotrophic fungi suppress studies. On the contrary Phenanthrene application decreased both AM root and soil colonization and T.
viride population density, which maybe caused from a direct toxic effect. Another explanation is the possible reduction in root exudation after Phenanthrene application as reported by Muratova et al. (2009) Phenanthrene also reduced the abundance of saprotrophic fungi in terms of biomarker fatty acids though only significantly in the HCs. These results suggest a differential response of bacteria and fungi to Phenanthrene, which however needs to be further addressed.
The observed maize growth promotion from inoculation with R. irregularis is a common mycorrhiza response in maize though depending on maize genotype and phosphorus fertilization (Banerjee et al., 2017; Sawers et al., 2017) . In the present study dual inocula- . Our results showed that R. irregularis reduced the population density of T. viride in the RHC, but had no effect in the HCs, indicating that the effects of R. irregularis maybe plant mediate perhaps from reduced root exudation, which is a known plant mycorrhiza response (Graham et al., 1981) . However, this needs to be further examined. On the contrary mycelium of R. irregularis has been found to reduce the population density of T. harzianum in root-free soil (Green et al., 1999) , showing that direct effects of R. irregularis on the population density of T. harzianum occurred. In the case of soil growth of R. irregularis similar inhibition from T. viride inoculation was observed independent of the absence or presence of roots, which suggest a direct effect of T. viride on R. irregularis, which was also the case in the study of Green et al. (1999) , who suggested competition for nutrients as the main mode of interaction.
In general, the outcome of AM-Trichoderma interactions seems to be complex depending on fungal species and genotypes as well as the host plant and environmental conditions. When developing fungal consortia for different purposes such as pest biocontrol, biofertilization and/or bioremediation it is important to consider this complexity and ensure compatibility between the fungi in question. However, it is also important to consider that mutual inhibition between AM and saprotrophic fungus may also result in plant growth promotion as was shown when dually inoculating the AM R. irregularis and the saprotrophic fungus Clonostachysrosea associated with tomato grown in soil amended with organic matter (Ravnskov et al., 2006) .
Conclusion
In conclusion our results show that mutual inhibition between the plant growth promoting fungi R. irregularis and T. viride can result in plant growth suppression emphasizing the importance to test for fungal compatibility when AM fungi and Trichoderma spp. are dually inoculated in order to achieve suitable strategies for PAH bioremediation.
